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ABSTRACT 
The effective atomic number is widely employed in radiation studies, particularly for the 
characterisation of interaction processes in dosimeters, biological tissues and substitute 
materials. Gel dosimeters are unique in that they comprise both the phantom and dosimeter 
material. In this work, effective atomic numbers for total and partial electron interaction 
processes have been calculated for the first time for a Fricke gel dosimeter, five hypoxic and 
nine normoxic polymer gel dosimeters. A range of biological materials are also presented for 
comparison. The spectrum of energies studied spans 10 keV to 100 MeV, over which the 
effective atomic number varies by 30 %. The effective atomic numbers of gels match those of 
soft tissue closely over the full energy range studied; greater disparities exist at higher 
energies but are typically within 4 %. 
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INTRODUCTION 
It is common practice to use the effective atomic number, Zeff, as a means of 
characterising the radiological properties of dosimeters, biological materials and substitute 
materials. The radiological properties of gel dosimeters, which uniquely comprise both the 
phantom and dosimeter material, have been the subject of numerous studies (1-5). However, a 
comprehensive study of the effective atomic numbers of gel dosimeters corresponding to 
electron interactions has thus far not been published. For photon interactions, it is common to 
derive the effective atomic number of a compound by summation of the constituent elemental 
atomic numbers raised to the power m (where m is a constant) and weighted according to their 
fractional electron content. It should be noted, however, that this simple, single Z-exponent 
method is typically not appropriate over extended energy ranges (6, 7). The availability of 
such exponent data is comparatively limited for electron interactions, and the importance of 
H, C, N and O (the primary constituents of gel dosimeters) is often ignored in their derivation 
(8). 
The interaction of electrons is of key importance whether as primary or secondary 
particles. The various current and future applications of gel dosimetry necessitate 
consideration of radiological properties in different energy regimes. In this study, effective 
atomic numbers are determined for a range of gel dosimeters, as well as for water and several 
biological materials for comparative purposes, for electron energies between 10 keV and 100 
MeV. Effective atomic numbers are calculated for total and partial interaction processes using 
ICRU stopping powers (9). 
 
METHOD 
Effective atomic numbers have been calculated here for a range of gel dosimeters, each of 
varying composition for electron partial and total interaction processes. Data is presented for 
a Fricke gel dosimeter (2) and the hypoxic polymer gel dosimeters PAG (polyacrylamide 
gelatine) (10), BANG-1 (11) and BANG-2 (12, 13) (bis-acrylamide nitrogen gelatine), 
PABIG (polyethylene glycol diacrylate bis gelatine) (14) and VIPAR (N-vinyl pyrolidone 
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argon gel) (15-17). Also studied are the normoxic polymer gel dosimeters MAGIC 
(methacrylic acid, ascorbic acid in gelatine initiated by copper) (18), HEAG (hydroxy-ethyl-
acrylate gel) (19), MAGAS (methacrylic acid, gelatine gel with ascorbic acid), MAGAT 
(methacrylic acid, gelatine gel and tetrakis hydroxyl methyl phosphonium chloride) (4, 20, 
21), PAGAT (polyacrylamide, gelatin and tetrakis hydroxyl methyl phosphonium chloride) 
(22), nPAG (normoxic polyacrylamide gel), nMAG (normoxic methacrylic gel) (23), 
ABAGIC (ascorbic acid, bis-acrylamide, in gelatine initiated by copper) (24) and NIPAM (N-
isopropylacrylamide) (25). Water, soft tissue, striated muscle, breast, brain and lung tissues 
(26) are also presented for comparison. Effective atomic numbers are derived using a method 
previously applied to studies of biological materials (27, 28) that circumvents the use of Z-
exponent approximations. In brief, the tabulated electron stopping power data is obtained 
(from ICRU Report 37) for the first thirty elements (9). The mass stopping power of the 
composite material is then determined via linear additivity of stopping powers of the 
constituent elements, taking into consideration their fractional weighting. This is then 
contrasted with a matrix of stopping powers that spans the elements Z = 1 to 30 for energies 
between 10 keV and 100 MeV. The effective atomic number at a given energy may then be 
obtained by interpolation of Z values between adjacent stopping power data. The uncertainty 
due to such interpolation is < 0.2 %. The uncertainties in the collisional stopping powers 
employed are 2 % to 3 % below 100 keV and 1 % to 2 % above. The uncertainties in the 
radiative stopping powers are 5 % below 2 MeV, 2 % to 5 % between 2 MeV and 50 MeV 
and 2 % above 50 MeV; the relative contribution of the radiative process is negligible at 
lower energies where the uncertainties are higher. Effective atomic numbers are calculated in 
this way for collisional, radiative and total electron interaction processes. 
 
RESULTS AND DISCUSSION 
Table 1 gives the effective atomic numbers for five hypoxic and nine normoxic polymer 
gel dosimeters, a Fricke gel dosimeter, water and soft tissue. The effective atomic number 
varies by approximately 30 % over the energy range studied (10 keV ≤ E ≤ 100 MeV). This is 
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also evident from Figure 1, which shows the variation of Zeff with energy for each interaction 
process for a representative gel (PAG), plotted alongside the percentage discrepancy between 
Zeff of PAG and Zeff of water. Table 2 shows the mean, minimum and maximum values of Zeff 
for the partial and total interaction processes over the considered energy range. 
The partial processes studied here are the predominant partial interaction processes for 
electrons: collisional energy losses with atomic electrons and radiative losses in the nuclear 
field. For electron energies less than 100 MeV, the collisional process remains dominant for 
all materials studied, and the influence of the radiative process on the total interaction process 
does not become significant until approximately 5 MeV. Zeff corresponding to radiative losses 
is greater than that for collisional losses; this difference decreases with increasing energy. 
Broadly, the effective atomic numbers for each gel formulation are similar. Fricke gel is 
composed of higher Z elements than the polymer gels and predictably Zeff values are typically 
greater for Fricke than for other gels, a difference that is more pronounced at higher energies. 
It is common practice to use Zeff as one of the parameters (generally in conjunction with 
other parameters; see for instance (29, 30)) to indicate water/tissue equivalence. Zeff values for 
water are typically lower than those for the gels (up to approximately 2 %), with the 
discrepancy decreasing as energy increases (see Figure 1 (b) for an example). As one would 
expect, this discrepancy, Zeff, is greater between the Zeff values of gels and tissue than gels 
and water. For the radiative interaction process the difference is fairly constant, Zeff for gels 
are approximately 3 % higher than for tissue, decreasing gradually with increasing energy. 
The discrepancy for the collisional process increases with energy; Zeff is over 1 % from 10 
keV to 100 keV, 2 % at 1 MeV, 3.5 – 4 % at 10 MeV and 4.5 – 5 % at 100 MeV. Because of 
the dominant influence of the collisional process, this also reflects the discrepancy in the total 
interaction process, until approximately 10 MeV at which point the influence of the radiative 
process results in a reduction of the discrepancy between Zeff for gels and tissue between 10 
MeV and 100 MeV (such that Zeff remains between 3 and 4 %). Ultimately, the discrepancy 
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between Zeff for tissue and for gels is of the same magnitude as the difference between tissue 
and water. 
 
CONCLUSION 
Effective atomic numbers corresponding to total and partial electron interaction processes 
have been calculated for the first time for fifteen gel dosimeter formulations, for a range of 
energies between 10 keV and 100 MeV. The effective atomic number is shown to vary by 
approximately 30 % over the spectrum of energies studied. Zeff due to the radiative process is 
consistently higher than that due to the collisional process. The latter process dominates the 
total interaction process over the full energy band, with the influence of the radiative process 
becoming significant only above approximately 5 MeV. The difference between Zeff of gels 
and those of water is typically within 2 %, decreasing with increasing energy. The difference 
between Zeff of gels and those of soft tissue increases with energy, from approximately 1 % at 
10 keV to 4 % at 100 MeV. The least such discrepancy is exhibited by the hypoxic gel 
VIPAR. 
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Captions 
 
Figure 1 For a representative gel (PAG): (a) the variation of effective atomic number with energy for 
collisional, radiative and total electron interaction processes; (b) the percentage difference between Zeff 
of PAG and Zeff of water, Zeff. 
 
Table 1 The total effective atomic numbers of gel dosimeters, water and biological materials at a 
selection of energies between 10 keV and 100 MeV calculated from total stopping power data. 
 
Table 2 The mean, minimum and maximum effective atomic numbers (with standard deviation) for 
gels, water and biological materials, calculated for collisional, radiative and total electron interaction 
processes between 10 keV and 100 MeV. 
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Figure 1 
 
 
 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
0.01 0.1 1 10 100
Electron Energy (MeV)

 Z
ef
f 
  
(%
)
Collision
Radiative
Total
2.0
2.5
3.0
3.5
4.0
4.5
5.0
0.01 0.1 1 10 100
Electron Energy (MeV)
Z
ef
f
Collision
Radiative
Total
(a) (b) 
 - 11 - 
Table 1 
Energy (MeV)
Zeff 0.01 0.1 0.6 1 4 6 8 10 20 30 40 50 100
ABAGIC 3.10 3.22 3.32 3.37 3.47 3.61 3.72 3.81 3.88 4.10 4.20 4.27 4.37
BANG-1 3.07 3.19 3.30 3.35 3.45 3.60 3.71 3.80 3.87 4.09 4.20 4.26 4.37
BANG-2 3.10 3.22 3.32 3.38 3.48 3.62 3.73 3.82 3.90 4.11 4.22 4.29 4.39
Fricke 3.10 3.22 3.33 3.39 3.49 3.64 3.76 3.85 3.92 4.14 4.26 4.32 4.43
HEAG 3.07 3.19 3.30 3.35 3.45 3.60 3.71 3.80 3.87 4.09 4.20 4.26 4.37
MAGAS 3.11 3.22 3.32 3.38 3.47 3.62 3.73 3.81 3.88 4.10 4.21 4.27 4.38
MAGAT 3.11 3.22 3.33 3.38 3.48 3.62 3.73 3.81 3.88 4.10 4.21 4.27 4.39
MAGIC 3.10 3.22 3.32 3.37 3.47 3.61 3.72 3.81 3.88 4.09 4.20 4.26 4.37
NIPAM 3.06 3.18 3.29 3.34 3.44 3.59 3.70 3.78 3.86 4.08 4.19 4.25 4.37
nMAG 3.08 3.20 3.30 3.36 3.46 3.60 3.71 3.80 3.87 4.09 4.20 4.26 4.37
nPAG 3.09 3.21 3.31 3.37 3.47 3.61 3.72 3.81 3.88 4.10 4.21 4.28 4.39
PABIG 3.09 3.21 3.31 3.37 3.47 3.61 3.72 3.81 3.88 4.10 4.21 4.27 4.38
PAG 3.09 3.21 3.31 3.37 3.47 3.62 3.73 3.82 3.89 4.11 4.22 4.28 4.39
PAGAT 3.08 3.20 3.30 3.36 3.46 3.60 3.71 3.80 3.88 4.10 4.21 4.27 4.38
VIPAR 3.07 3.19 3.29 3.35 3.45 3.59 3.70 3.79 3.86 4.08 4.19 4.25 4.36
Water 3.04 3.16 3.27 3.33 3.43 3.58 3.70 3.79 3.86 4.09 4.20 4.27 4.37
Tissue 3.06 3.17 3.26 3.31 3.39 3.51 3.61 3.69 3.75 3.96 4.07 4.13 4.25
Muscle 3.01 3.13 3.16 3.23 3.28 3.37 3.50 3.61 3.69 3.76 3.98 4.09 4.16
Brain 3.05 3.17 3.20 3.27 3.31 3.40 3.54 3.64 3.73 3.80 4.02 4.12 4.19
Lung 3.14 3.26 3.29 3.36 3.41 3.51 3.65 3.76 3.85 3.92 4.13 4.24 4.30
Breast 2.99 3.10 3.12 3.18 3.22 3.28 3.39 3.48 3.55 3.61 3.81 3.92 3.99
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Table 2 
COLLISIONAL RADIATIVE TOTAL
Zeff Mean
Std. 
Dev.
Max. Min. Mean
Std. 
Dev.
Max. Min. Mean
Std. 
Dev.
Max. Min.
ABAGIC 3.38 0.40 4.21 2.85 4.62 0.11 4.75 4.37 3.41 0.45 4.37 2.85
BANG-1 3.36 0.41 4.21 2.83 4.62 0.11 4.76 4.36 3.39 0.46 4.37 2.83
BANG-2 3.38 0.41 4.23 2.85 4.65 0.11 4.79 4.39 3.42 0.47 4.39 2.85
Fricke 3.39 0.42 4.27 2.84 4.69 0.11 4.83 4.41 3.43 0.48 4.43 2.84
HEAG 3.36 0.41 4.21 2.83 4.62 0.11 4.76 4.36 3.39 0.46 4.37 2.83
MAGAS 3.38 0.40 4.21 2.85 4.63 0.11 4.76 4.37 3.42 0.45 4.38 2.85
MAGAT 3.38 0.40 4.21 2.85 4.65 0.11 4.79 4.38 3.42 0.46 4.39 2.85
MAGIC 3.38 0.40 4.21 2.85 4.62 0.11 4.76 4.37 3.41 0.46 4.37 2.85
NIPAM 3.35 0.41 4.19 2.83 4.63 0.11 4.77 4.36 3.38 0.46 4.37 2.83
nMAG 3.36 0.41 4.20 2.84 4.62 0.11 4.76 4.37 3.40 0.46 4.37 2.84
nPAG 3.37 0.41 4.22 2.84 4.65 0.11 4.79 4.38 3.41 0.46 4.39 2.84
PABIG 3.37 0.41 4.22 2.84 4.63 0.11 4.77 4.37 3.41 0.46 4.38 2.84
PAG 3.38 0.42 4.24 2.84 4.64 0.11 4.78 4.38 3.41 0.47 4.39 2.84
PAGAT 3.36 0.41 4.21 2.84 4.64 0.11 4.78 4.38 3.40 0.47 4.38 2.84
VIPAR 3.35 0.41 4.19 2.83 4.61 0.11 4.75 4.36 3.39 0.46 4.36 2.83
Water 3.34 0.43 4.22 2.81 4.63 0.11 4.77 4.36 3.37 0.48 4.37 2.81
Tissue 3.30 0.35 4.04 2.83 4.52 0.10 4.65 4.29 3.34 0.42 4.25 2.83
Muscle 3.28 0.38 4.08 2.80 4.54 0.10 4.67 4.29 3.32 0.44 4.27 2.80
Brain 3.32 0.38 4.11 2.82 4.58 0.11 4.72 4.32 3.36 0.44 4.31 2.82
Lung 3.42 0.40 4.24 2.87 4.68 0.11 4.81 4.41 3.45 0.46 4.41 2.87
Breast 3.21 0.31 3.87 2.79 4.39 0.09 4.51 4.18 3.26 0.39 4.11 2.79
 
  
